The quasi-two-dimensional nature of LaNiO 3 (LNO) thin films on SrTiO 3 (001) (STO) and LaAlO 3 (001) (LAO) substrates is examined. Although both samples undergo a metal-insulator transition with decreasing thickness, the spatial distribution of the insulating phase within the films differs to each other. The LNO cell volume of the insulating phase in LNO/STO is larger than that of the metallic phase, and the large cells remain at the interface in thick films with metallic conduction, suggesting a high oxygen vacancy content at the interface. The cell volume of the insulating phase in LNO/LAO is smaller than that of the metallic phase, and the cell volume of the entire film changes coherently. The cell volume decrease indicates that the bonding changes from bulk-like to covalent.
I. INTRODUCTION
Epitaxial interfaces of perovskite oxides provide us with an opportunity to study the effect of low dimensionality on strongly correlated electron systems. Because electrons are affected by surrounding electrons, their behavior must be different at surfaces [1] [2] [3] or interfaces [4] [5] [6] [7] , where they have no or different neighbors, compared with that in the bulk material. The RE NiO 3 thin-film system (RE : rare earth ion) is an archetypal strongly correlated d-electron system in the charge transfer regime [8] [9] [10] . Many studies have shown that LaNiO 3 (LNO) films behave, like their bulk counterpart 11 , as a paramagnetic metal when they are thick enough.
However, when LNO films are thinner than two 12, 13 to five 14 unit cells (u.c.) thick, the films show insulating behavior under both compressive and tensile strains [14] [15] [16] , as shown in Fig. 1(a) . The insulating behavior of LNO thin films has been rationalized based on the dimensionality of carrier conduction 14, 17 . Many mechanisms for the thickness-dependent metal-insulator transition of LNO thin films have been proposed, such as disorder-driven localization 14 , the rotation of NiO 6 octahedra 18 , and strain induced by the substrate 19 .
Various phenomena observed at oxide interfaces are caused by the complex effects of epitaxial strain, quantum confinement, interfacial charge transfer, degree of p-d hybridization, and uncontrollable interfacial chemical perturbation. Spectroscopic measurements can provide information about the charge transfer and modulation of the band structure at a material interface, and therefore are widely used in film studies 12, 17, 20, 21 . The photoemission spectra of LNO grown on Nb-doped SrTiO 3 (Nb:STO) and LaAlO 3 (LAO) 20 are presented in Fig. 1 (b) and (c), respectively. As expected from the macroscopic conductivity of these samples, the density of states around the Fermi energy E F depended on the LNO film thickness. In both cases, no density of states was found at E F in the films that were less than ∼ 3 u.c. thick, which agrees with the transport property presented in panel (a). What was not expected was the different thickness variations of the leading edge of the valence band spectra of LNO grown on STO 21 and LAO 20 . The sample grown on STO shows a large jump in its density of states when the fourth LNO layer is grown, while the change in the density of states of the LNO films on LAO appears to be much more gradual. This difference implies that the origin of the insulating states in these two film systems is different. To obtain better understanding of this difference, experimental observation from a different viewpoint is needed. One of the complementary techniques to spectroscopy is diffraction. Structural information can provide direct knowledge of the chemical perturbation or spatial coherency of electronic states. However, there have been few structural studies of nickelate ultrathin films 16, [22] [23] [24] . In this study, the different insulating states in LNO/STO and LNO/LAO systems are examined through a systematic interfacial structure study of the thickness range covering the metal-insulator transition. As a result, it is clarified that the insulating nature of LNO on STO is induced by oxygen vacancies, whereas that of LNO on LAO is caused by the coherent change in the bonding nature.
Here we summarize known structural information of LNO thick films. For the LNO films on STO, the NiO 6 octahedra tilt from the c-direction (the surface normal direction), whereas octahedral rotation within the c-plane was observed for the LNO films on LAO 25 , as shown in Fig. 1(d 
II. EXPERIMENT
LNO thin films with a thickness of n u.c. were grown on atomically flat (001) surfaces of Nb:STO (n = 2 to 5) and LAO (n = 1 to 5) by pulsed laser deposition (PLD); we denote these samples as (LNO) n /STO and (LNO) n /LAO, respectively. During deposition, the substrate temperature was maintained at 450
• C under an oxygen pressure of 10 −3 torr.
The film thickness was precisely controlled on the atomic scale by monitoring the intensity oscillation of reflection high-energy electron diffraction. The films were subsequently annealed at 400
• C for 45 min under oxygen at atmospheric pressure to fill residual oxygen vacancies. The LNO/STO samples were prepared just before the synchrotron measurements, because storage at room temperature induces oxygen vacancy formation 27 . No such sample degradation was found for the LNO/LAO samples.
The transport properties of the LNO films presented in Fig. 1 were measured by the four-probe technique. Non-doped STO substrates were used for these measurements. Temperature variation of the resistivity of (LNO) n /STO for n ≥ 4 is similar to reported ones 16 .
That for (LNO) n /LAO is already reported in ref. 20 .
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The photoemission spectra presented in Fig. 1 were measured in situ at BL-2C of the Photon Factory, KEK, Japan 20 . The spectra were recorded using a Scienta SES-2002 electron energy analyzer with a total energy resolution of 120 meV at a photon energy of 600 eV.
The Fermi level of the samples was calibrated using gold foil as a reference. The x-ray absorption spectroscopy (XAS) spectra were also acquired in situ by measuring the sample drain current. Structure refinement and estimation of the standard deviations of parameters were performed using the maximum a posteriori estimation described in Ref. 29 . The prior probability of film thickness for each n-u.c. sample was assumed to be a Gaussian distribution with an average and standard deviation of n and 0.1 × n, respectively. In this study, in-plane atomic displacement was neglected; i.e., only the occupancy parameters and out-of-plane atomic displacements were refined. Atomic displacement parameters, which reflect the amplitude of the thermal vibration, are fixed to B = 0.4Å 2 to reduce the number of parameters.
III. RESULTS AND ANALYSIS
A. X-ray absorption spectroscopy
Ni-2p XAS spectra for LNO/STO and LNO/LAO are presented in Fig. 2 . Here, we focus on the Ni-2p XAS spectra at the Ni-L 2 edge because the Ni-L 3 edge structure partially overlaps with the very strong La-M 4 absorption edge owing to the close proximity of the CTR scattering data along the 00 rod measured for the LNO films on STO and LAO substrates are presented in Fig. 3 . The number of bumps between the substrate Bragg peaks increased with n, as expected from a simple calculation of interference. However, unlike the bulk structure determination, the lattice spacing of the film could not be derived from the peak positions. This is because the lattice spacing for the i-th layer from the surface is not necessarily the same as that of the (i + 1)-th layer. In addition, the "Bragg reflections" for ultrathin films are ill-defined; one cannot find clear Bragg peak positions for the films. Therefore, one has to perform a structure refinement using the CTR profiles even to derive the lattice spacing as a function of the depth. The solid curves in Fig. 3 show the calculated intensity derived from the refined structure. The typical value of R ≡ |(|F exp |− |F calc |)|/ |F exp | is 0.2, where F exp and F calc denotes the square root of the measured intensity and calculated intensity, respectively. Although the structure parameters of oxygen are rather unreliable, those determined for heavy elements stably converged regardless of the details of the fitting procedure and constraints applied. Figure 4 shows the depth profiles of La occupancy and A-site atomic displacement δz with respect to the substrate lattice, which is illustrated in Fig. 1(d The octahedral tilting is affected by the connectivity to the substrate, and the octahedral tilt angle changes gradually from the value of the substrate to that of the film within 5 u.c.
of the epitaxial interface 18, 33, 34 . For the LNO/STO samples, STO has no octahedral tilting in its bulk form. If the first 2 to 3 u.c. of LNO keeps the small octahedral tilting, we should expect larger lattice spacing than that of ordinary LNO. The expected maximum lattice spacing is twice the apical Ni-O distance. However, the lattice spacing of 3.905Å found for the n = 2 and 3 samples is longer than twice the reported Ni-O distance (3.866Å 25 ).
Another way to expand the lattice spacing is oxygen vacancies. An LNO film on an STO substrate suffers from the thermal escape of oxygen atoms even at room temperature 27 , which suggests that oxygen has a very low binding energy around the LNO/STO interface.
Recent ab initio calculation also predicts the oxygen vacancy formation at the LNO/STO interface 16 . Oxygen vacancies introduce Ni 2+ , which makes the lattice expand, in addition to the expansion caused by the Coulomb repulsion between cations. Above mentioned 70%
to 80% of Ni 2+ is achieved when the interfacial composition is LaNiO 2.60 to LaNiO 2.65 . Such an amount of Ni 2+ localized at the interface well explains the XAS result presented in Fig. 2 .
As a result, we have achieved the interface structure schematically illustrated in Fig. 5 (a) .
Reference 16, which reports a result of 00ζ-CTR measurement on MBE-made LNO/STO interface, also reached the interfacial oxygen vacancy formation.
Oxygen vacancies also alter the local potential distribution, and give rise to a wide band gap at E F 16,35,36 . Therefore, we conclude that there is a large amount of oxygen vacancies at the interface, and the oxygen deficiency causes the insulating nature of (LNO) n /STO for n ≤ 3. This interpretation is in accordance with the photoemission spectroscopy results indicating the formation of insulating LNO layers at the interface with Nb:STO 21 , although the insulating layer was attributed to the formation of a Schottky barrier in that study.
B. LNO/LAO interface
The LNO/LAO samples clearly show a change in the electronic structure of the entire film when the fourth layer is deposited. There are several ways to make LNO insulating, but many of them can be easily excluded. Here, we examine the Jahn-Teller (JT) effect, charge disproportionation, surface termination, and covalent bond-ionic bond crossover.
One of the common origins of octahedral distortion in perovskite oxides is the JT effect. Ni 3+ in the ionic limit has the e 1 g configuration, which is JT active. Therefore, an orbital order-driven insulating state appears to be a natural consequence. However, the distortion of the lattice parameter measured by the c/a value in the insulating state is closer to unity than that in the metallic state, which contradicts the formation of a JT-driven insulating state. The lack of JT distortion is caused by the hybridization of the oxygen p-band and Ni d-band 7, 37 .
Although charge disproportionation has been reported for many bulk nickelates [38] [39] [40] , the results of XAS presented in Fig. 2 (b , which supports the assumption we made for this discussion. As a result, we conclude the interface structure illustrated in Fig. 5 (b) .
The binding energy of the t 2g electrons are increased in the insulating phase as shown in Fig. 1 (c) . This feature may be interpreted to an increase of the energy splitting of e g and t 2g
levels through the decrease of Ni-O bond length caused by the formation of covalent bonds at the first approximation. Such an increase in the t 2g binding energy has been interpreted from the similarity with the spectra observed in the charge ordering of NdNiO 3 12 , although the complicated energy shift due to band alignment between the two oxides are also considered in the present heterostructures 21 . It should be noted that the crystal field is based on the ionic picture, which is, strictly speaking, irrelevant to this case. The number of electron for each Ni is unchanged by the metal-insulator transition. The electronic configuration is t 6 σ * .
The p-d transfer integral determines if the band gap opens to the σ * band 41 .
V. CONCLUSION
The lattice spacings of LNO thin films on STO and LAO substrates were examined as a function of LNO film thickness using surface x-ray diffraction. The results clearly showed the difference in the spatial coherence of the insulating phase in LNO/STO and LNO/LAO. The insulating phase in LNO/STO was caused by oxygen deficiency and stayed at the interface even when the film was thicker than 4 u.c. In contrast, the insulating phase in LNO/LAO was stabilized by the low dimensionality. When the LNO film got thicker than 4 u.c., the whole film became metallic. The insulating LNO had a bond length corresponding to the covalent bond, whereas the metallic phase had the bond length expected for metallic nickel oxides.
The insulator-metal transition observed for LNO/LAO was therefore the transition from a covalent crystal to ordinary bulk-like LNO. This structural study revealed the importance of the systematic examination of interfacial structure to conceive a relevant effective model of interfacial electronic structure, because interfacial electronic structure can be modulated by phenomena such as atomic intermixing and unintentional vacancy introduction, as well as by often discussed purely electronic interactions. 
